Carbohydrates are an extremely complex group of isomeric molecules that have been difficult to analyze in the gas phase by mass spectrometry because (1) precursor ions and product ions to successive stages of MS n are frequently mixtures of isomers and (2) detailed information about the anomeric configuration and location of specific stereochemical variants of monosaccharides within larger molecules has not been possible to obtain in a general way. Herein, it is demonstrated that gas phase analyses by direct combination of electrospray ionization, ambient pressure ion mobility spectrometry, and time-of-flight mass spectrometry (ESI-APIMS-TOFMS) provides sufficient resolution to separate different anomeric methyl glycosides and to separate different stereoisomeric methyl glycosides having the same anomeric configuration. Reducing sugars were typically resolved into more than one peak, which might represent separation of cyclic species having different anomeric configurations and/or ring forms. The extent of separation, both with methyl glycosides and reducing sugars, was significantly affected by the nature of the drift gas and by the nature of an adducting metal ion or ion complex. The study demonstrated that ESI-APIMS-TOFMS is a rapid and effective analytical technique for the separation of isomeric methyl glycosides and simple sugars 3 and can be used to differentiate glycosides having different anomeric configurations.
Introduction
Oligosaccharides, either alone or as glycoconjugates are actively involved in numerous biological phenomena such as cell-cell recognition, embryonic development, and differentiation. [1] [2] [3] [4] [5] Understanding their functional roles requires a detailed knowledge of their structures. Mass spectrometry has long been an important tool for analysis of oligosaccharides [6] [7] [8] but two crucial issues remain a challenge for enabling its use in structural elucidation of unknowns.
First, the inability to rapidly and unambiguously discriminate isomeric monosaccharides is a major impediment in the structural characterization of glycans. There are 16 D-and L-aldohexoses, for example, and 8 D-and Lketoses. They can exist in 2 anomeric configurations and 2 ring forms within an oligosaccharide in nature, yielding a total of 96 configurations, all having an identical m/z. When mass spectrometry is applied as a rapid gas phase analytical tool stereochemical variants often dissociate to yield essentially identical mass spectra. Mass spectrometric discrimination of such isomers is thus often aided by one or more pre-mass analysis separation steps and the rapid nature of the technique is compromised. For example, individual monosaccharides obtained as hydrolysis products of oligosaccharides are best analyzed as linear derivatives such as aldononitrile acetates, 1-deoxy-1-hydrazino-alditol acetates or partially methylated alditol acetates. [9] [10] [11] Since the fragmentation patterns of different stereoisomers of the derivatives are often similar, unambiguous identification of stereochemical variants is achieved through one or more pre-mass analysis chromatographic separation steps in tandem to the MS analysis, such as GC-MS.
However, following hydrolysis, no information can be gleaned about the anomeric configuration of the sugar or about its location within the original oligosaccharide molecule. This requires that oligosaccharides be manipulated in a controlled disassembly through multiple isolation/dissociation steps in the gas phase, whereupon at some later dissociation step a monosaccharide product ion at any stage of MS n might be isolated to identify its stereochemistry. This, however, is entirely a different feat than an up-front chromatographic separation.
While some modern mass spectrometers such as ion traps and Fourier transform ion cyclotron resonance (FTICR) instruments are ideally suited to multiple isolation/dissociation steps, one ultimately faces the inevitable question: "If selection of ions is based solely on m/z, how can two isomers that produce essentially identical dissociation patterns be discriminated, as occurs with anomeric (α and β) monosaccharide product ions?" One answer to this may be ion mobility spectrometry (IMS) which separates gas phase ions based on their size to charge ratio. [12, 13] When coupled to the back end of a mass spectrometer IMS might be utilized to separate isolated monosaccharide product ions or potentially other small ions generated by disaccharide dissociation immediately preceding an IMS step. However, prior to this becoming feasible, another fundamental question must be addressed. "Can gas phase separation based on size to charge ratio (IMS) be exploited to differentiate gas-phase monosaccharide anomers or even small anomeric glycosides such as methyl glycosides?" It is also worth noting that other product ions larger than monosaccharides may be generated during multiple isolation/dissociation steps and they may be isomeric in nature. This is particularly true of many branched oligosaccharides where relatively large isomeric product ions can arise from different branches.
A second nettlesome problem in oligosaccharide analysis is that many samples from unknown sources are mixtures of isomeric oligosaccharides. [14] [15] [16] [17] While chromatographic separations (i.e.-HPLC) have been utilized for some time to isolate oligosaccharides, isomeric molecules usually prove the most difficult to separate and they require some sort of evaluation of isomeric heterogeneity, for which NMR has been well-suited in the past. However, well below NMR levels (currently about 500 pmol is the minimum for 1D NMR spectra), how can one be certain that a chromatographic peak is ever one isomer? Failure to evaluate isomeric heterogeneity risks deduction of a single (assumed) structure from data derived from a mixture of molecules. Recently, this issue has been addressed [18, 19] This will no doubt be a valuable approach, even with underivatized oligosaccharides. [20, 21] However, replacement of a single sugar in an oligosaccharide with its anomer or epimer (for example, an α-Glc with a β-Glc, or a GlcNAc with a GalNAc), would in many cases render them impossible to evaluate as a mixture with their anomeric or epimeric counterparts using typical gas-phase dissociation methods. This remains a serious problem because they yield sets of substructures after every round of dissociation where subsequent fragmentation of any given isolated ion m/z furnishes identical product ion m/z values.
There are many examples of such isomeric mixtures [14] [15] [16] [17] and IMS coupled to mass spectrometers (in this case at the front end) [22] [23] [24] may provide a route for evaluation of their heterogeneity that is complementary to fragmentation.
Again, this assumes that IMS of high enough resolution is available and is flexible enough to resolve many such isomers.
Since its inception in 1970 under the name plasma chromatography, [25] IMS has evolved as a rapid gas-phase separation technique. It surpasses the resolving power of liquid chromatography and is similar to that of gas chromatography. Being a gas-phase separation technique, the time required for an IMS experiment is in the millisecond (ms) time range which markedly reduces analysis time and increases sample throughput. Only a few studies involving the application of IMS to carbohydrates have been reported. [26] [27] [28] [29] [30] [31] None of these studies have demonstrated the separation of anomeric glycosides such as simple methyl glycosides or separation of isomers of reducing monosaccharides themselves potentially representing different anomers or ring forms of the ions.
Some di-and trisaccharides have been resolved, both by high-field asymmetric waveform ion mobility spectrometry (FAIMS) using decanoic acid derivatives [26] or recently using ambient pressure IMS. [31] It is demonstrated here for the first time that high-resolution IMS at ambient pressure can resolve anomeric methyl glycosides, and that the extent of separation varies with the nature of a complexing ion and the IMS drift gas. It is also reported that free reducing sugars as metal ion adducts can resolve into more than one peak. Additional peaks may represent different anomeric configurations or ring forms of the reducing sugars.
Experimental

Instrument
The instrument used in this study was an electrospray ionization ambient pressure ion mobility spectrometer coupled to an orthogonal time-of-flight mass spectrometer (ESI-APIMS-TOFMS). The details of APIMS and TOFMS along with the data acquisition system are reported in a previous publication. [32] The ion mobility spectrometer with basic stacked-ring design [33, 34] 
Chemicals and Solvents
All carbohydrate standards (methyl-α-D-galactopyranoside (α-MeGal), to prepare 50µM and 100 µM solutions of sugar and salt respectively which were mixed in equal volumes when analyzed.
IMS Theory
IMS separates ions on the basis of the differences in their mobility K ) while the ions are drifting through a drift gas in a weak homogenous electric field gradient. The mobility of an ion through the drift region of the IMS is given as the ratio of the average ion velocity (vd = L/td) to the applied electric
where, L is the length of the drift region in cm, td is the drift time in seconds and is defined as follows:
The mode and type of interactions between the ion and the drift gas depend on the configurational and conformational structure of both the ion and the drift gas and along with the collision dynamics defines the collision cross section of an ion. The average ion-neutral collision cross section (Ω) is measured by using the equation [12] :
where, NA is the number density of the drift gas in molecules per cm . Number density NA is calculated as NA = (P/ k T)
where P is the ambient pressure in atmospheres, k is the Boltzmann's constant in L*atm. / K and T is the temperature in Kelvin.
Resolving power in IMS is defined by the ratio of the drift time to the peak width (in time) at half height (Rp = td/wh). Resolution in IMS is defined analogously to that in chromatography, which is the difference in the drift time of two ion mobility peaks divided by their average peak width. [Rs = 2(td2 -td1)/(w1+ w2)]. Resolving power gives no information on the ability of two isomers to separate at all. For example, a TOFMS instrument could be described as having a high "resolving power", yet no "resolution" of isomers because they have the exact same m/z value and thus cannot be differentiated by TOFMS.
Results and Discussion
Resolution of anomeric isomers of monosaccharide methyl glycosides
To investigate whether APIMS could separate anomeric isomers of monosaccharides, methyl hexopyranosides were examined. Glycosides were Results with methyl glycosides run individually and as mixtures of anomeric and other isomeric pairs are described in the following sections and are summarized in Tables 1, 2 , and 3.
Methyl-α-D-galactopyranoside and methyl-β-D-galactopyranoside:
A two-dimensional contour plot of an APIMS-MS experiment performed using N2 as the drift gas with a mixture of anomeric methyl galactosides is shown in Figure 1 . Peaks at m/z 217 (Fig. 1A) were sodium adducts and peaks at m/z 312 (Fig. 1B) were cobalt acetate adducts. Although the separation was better between sodium adducts, APIMS afforded high enough resolution with either salt adduct to enable anomers to be unambiguously identified. Drift times of the methyl galactosides run individually as either sodium or cobalt acetate adducts are presented in Table 1 .
Methyl-α-glucopyranoside and methyl-β-glucopyranoside:
A 2D IMS-MS spectrum of a mixture of methyl-α-and β-glucopyranosides illustrating the separation of anomers as sodium and cobalt acetate adducts is shown in Figure 2 , again using N2 as the drift gas. Drift times of the anomers run individually as either adduct are presented in Table 1 . It is worth noting in a comparison of Figures 1 and 2 that the sodium adducts of anomeric methyl glucopyranosides were only partially separated by IMS but the cobalt acetate adducts were baseline separated, whereas the opposite was the case for the methyl galactopyranosides.
Methyl-α-D-mannopyranoside and methyl-β-D-mannopyranoside:
Like the methyl-glucopyranoside and -galactopyranoside anomeric pairs, the methyl-mannopyranosides were also resolved by APIMS-MS (Table 1) .
Using N2 gas, the sodium adducts were not resolved (or two peaks were just barely discernable) and the [M + Co(CH3COO)] + ion peaks were only partially resolved. Better separation of this anomeric pair was achieved using different drift gases as shown later in this article.
3.2
Resolution of isomeric monosaccharide methyl glycosides differing in the stereochemistry at positions other than the anomeric carbon. the asymmetry at the C2-position, were baseline resolved as sodium adducts using N2 as the drift gas (Fig. 3A) . Similarly, β-MeGal and β-MeGlc, epimeric at the C4-position, were resolved (Fig. 3B) . The drift times of the individual monosaccharides and the experimental conditions are reported in Table 2 . Note that conditions for these separations were different than reported in Table 1 hence different drift times were observed.
Further analysis of the data listed in Table 1 revealed the following: (1) adducts of α-methyl glycosides with either sodium or cobalt acetate, without exception, drifted longer times than the β-anomers. (2) Cobalt acetate adducts invariably had longer drift times than the sodium adducts, and (3) drift time differences between anomers were dependent on both the stereochemistry of the sugars and the nature of adducts.
Based on drift times of the cobalt acetate adducts (Table 1) Separation factors between all possible combinations of the glycopyranosides were generated from measured drift times of the sodium adducts of anomers of all methyl glycosides studied (Table 1) . Based on the experimentally determined criterion under the experimental conditions to define "separation" (0.2 ms drift time difference), underlined glycoside combinations in Given the results using different metal ions above, and owing to the tremendous number of potential isomeric variants in the analysis of complex carbohydrates that might require greater experimental flexibility to obtain physical resolution, experiments were conducted to investigate the effects of additional cations and cation complexes and different drift gases on the separation of carbohydrate isomers, detailed in the following sections.
3.3
Effects of additional cations on separation of one selected anomeric pair of glycosides, α α α α-and β β β β -methylgalactopyranosides (Table 2 ).
Different drift gases markedly affect the separation of isomeric methyl glycosides.
While nitrogen is one of the most common drift gases used in IMS, the variation of drift times with polarizability of the drift gas has been reported for a number of analytes using different gases or mixtures including air, nitrogen, helium, argon, CO2 and SF6. [35] [36] [37] [38] General conclusions drawn from these reports are that the polarizability of the drift gas can dramatically affect not only overall drift times but also the order of arrival times for various molecules. [35] As mentioned earlier α-MeMan and β-MeMan as sodium adducts were not resolved using N2 gas and a pulse width of 0.2 ms (Table 1) Baseline separation was achieved when CO2 was used. As shown in Table 3 , the separation of two isomers using the different drift gases He, Ar, N2 or CO2 was often dramatically affected in unpredictable ways. For example, the separation factors of the methyl-galactopyranosides ranged from 1.01 (Ar) to 1.05 (He).
From the purely practical analytical perspective, however, the use of different drift gases imparts another level of flexibility in separation of carbohydrate isomers. Figure 6 shows the linear relationship between the measured collision cross sections of adducts and polarizability of drift gases for α-and β-MeMan, MeGal, and MeGlc. Extrapolation of this linear relationship provides the zero polarizability collision cross section that can be used in an ab initio calculations for modeling purposes.
Separation of isomers of reducing sugars
In Fig. 7 the IMS profile is shown of reducing glucose as a sodium adduct using either N2 or CO2 as drift gas. It is clearly evident from all three traces that glucose has at least three observable isomeric forms that resolve in the gas phase as sodium adducts. Increased resolution with lowered pulse width is also clearly evident in the Figure. Other reducing sugars also typically separated into more than one gas-phase form (Table 4 ) except ribose, which was virtually entirely one IMS peak. Both the nature of the drift gas and the ion mobility pulse width time affected the resolution of isomers (Fig. 7) . One caveat with reducing sugars as mentioned previously is that they can exist in multiple anomeric and cyclic forms in solution. During the process of electrospray ionization these isomeric forms might produce adduct ions in an unpredictable fashion, or potentially might adduct at more than one site with a given ion. In addition, considering the complexity of the electrospray process, the sugars themselves might interconvert to yield ratios of the different configurations that are not observed, for instance, by NMR in solution. Furthermore, the observation of one peak as in the case of ribose could be due to coincidental co-migration of two or more anomeric/cyclic/adduct variants.
The data illustrate the capability of APIMS to separate different forms of reducing monosaccharides having different anomeric configurations and possibly different ring forms. Moreover, the IMS profiles observed for individual sugars are unique at a given m/z and can rapidly provide additional information orthogonal to MS for identification of a monosaccharide, because monosaccharide dissociation patterns are often very similar. However, interpretation of the actual molecular complexes involved will require much more detailed studies involving calculations and potentially studies with other model sugar glycosides that could give rise to single gas-phase species through dissociation. It is worth noting that for all the methyl glycosides examined as adducts with several different metal ions (Tables 1, 2 , and 3), only single peaks were observed whereas for reducing sugars, multiple peaks were the typical scenario. This argues that in most cases, for reducing monosaccharides, the different forms are probably anomeric/cyclic variants rather than adducts at multiple locations for one given cyclic form/anomer, although the latter certainly cannot be ruled out.
Separation of disaccharides and effects of the reducing sugar.
We previously demonstrated that small disaccharide-alditols derived from glycoproteins and some trisaccharides (two of them non-reducing) could be separated by APIMS-MS. [31] The compounds were in part selected because they resulted in single peaks, and borohydride reduction of reducing sugars to alditols prevented the effects of alternative anomers/cyclization on ion mobility that thereby simplifies the analyses. In Figure 8 (Table 4) . These experiments, along with those previously reported [31] indicate that a reducing sugar usually complicates analyses of disaccharides, that if a reducing structure yields just one peak it is either due to one dominant adduct or coincidental co-migration of more than one, and that it is in most cases desirable to reduce a larger oligosaccharide with sodium borohydride to the alditol at the reducing end to simplify analyses.
Conclusions
Separation of metal adducts of anomeric methyl glycoside isomers (MeMan, MeGal, and MeGlc) and isomeric forms of reducing sugars were achieved using ESI-APIMS-TOFMS. Methyl glycosides yielded single IMS peaks, but more than one peak was typically observed for free reducing monosaccharides suggesting that in the gas phase different anomers and ring forms of reducing monosaccharides might be differentiated by APIMS. Ion mobility profiles of reducing monosaccharides examined at given m/z values were unique and may enable them to be identified in the future as product ions derived from larger oligosaccharides when used in combination with gas-phase isolation/dissociation techniques.
Both the nature of the metal cation complex used for adduction and the drift gas employed in the IMS influenced separation between carbohydrate isomers in independent and often unpredictable ways. However, regardless of the nature of the drift gas or metal ion complex, the α-methylglycosides invariably had longer drift times (i.e.-larger collisional cross-sections) than the β- Table 1 . Table 1 . Table 2 . Table 2 . Table 3 . Table 4 . 1.00 __________________________________________________________________________________ a Separation factors are defined as the ratio of the slow drift compound/fast drift compound for any given pair of methyl glycosides, abbreviated as described in the text. b Drift times (ms) were recorded using N2 gas at 702 mm Hg pressure, 425 V/cm, and were reproducible to ± 0.04 ms. c Underlined separation factors were of combined pairs where the difference in drift times of individual glycopyranosides was less than 0.2 ms, wherefore peaks seen in separations of mixtures will probably appear as broad unresolved peaks. Separation factors of 1.02 or greater will resolve two compounds which will be observed as two discernable peaks. Table 1 . Table 1 . Table 2 . relationship between drift gas polarizability and collision cross section was observed for all the anomers. Collision cross sections for other pyranosides in different drift gases are listed in Table 3 . Table 4 . 
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